Abstract-Diamond is a promising material for future high-voltage applications because of its high critical electric field. This property leads to new constraints on the used termination structure, especially in terms of an electric field value. For this reason, new termination architectures based on a field plate are proposed for diamond Schottky diodes. Using the finite-element simulations with the Sentaurus technology computer-aided design software, a new field plate structure has been proposed. Simple variations in the classic field plate architecture were sufficient to increase the breakdown voltage from 1632 to 2141 V at 700 K, but not to reduce the electric field value at the edges of the field plate. Several termination topologies have been proposed to solve this problem. Parametric simulations were used to optimize the geometrical termination structure in order to reduce the electric field peak value at its edge while maintaining a high breakdown voltage. The new solutions have helped to reduce the maximum electric field from 57 down to 22.7 MV/cm.
I. INTRODUCTION

D
IAMOND is a promising material for future highpower and high-temperature electronic applications, when its outstanding physical properties can be fully exploited. It exhibits an extremely wide bandgap, very high carrier mobility, high breakdown field strength, and the highest thermal conductivity of any semiconductor material [1] - [5] .
Since the n-type doping diamond is not yet optimized, the diamond MOS transistor or p-i-n diode is not yet available. Most of the work focuses on the improvement of the Schottky diode.
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Digital Object Identifier 10.1109/TED.2015.2456073 more common ones are the guard ring [6] , [7] , the metal field plates [8] , [9] , the resistive field plate [10] , and the junctiontermination extension [11] . The first thing that must be done for the high voltage components is the development of junction termination structures. It will allow the semiconductor devices to reach their full potential, mainly in terms of breakdown voltage. Since diamond has a huge critical electric field, the junction termination structure strongly impacts on the performance of the power devices fabricated using this material.
Many ideas have been proposed to improve the efficiency of terminations concerning the breakdown voltage [8] , [12] - [15] . In this paper, new field plate architecture was proposed for a diamond Schottky diode to enhance its breakdown voltage while decreasing the maximum value of the electric field at the edge of its junction termination. All termination structures have one or two electric field peaks. In classic semiconductor devices, the used dielectrics for the field plate termination structures have a critical electric field equals or much larger than that of semiconductors, so the termination's efficiency does not affected by this phenomenon. This is not the case in diamond power devices as the critical field of the used dielectric is smaller than that of this material. Therefore, at a certain voltage during operation, the electric field will reach the critical value of the dielectric before reaching that of diamond. With this problem, it is necessary to design new termination architectures that reduce the electric field in the termination dielectric. The aim of this paper is to present an approach able to design several solutions, which allow reducing the electric field peak value.
II. CONTEXT AND AIM OF THE STUDY
The studied structure at LAAS-CNRS laboratory was a diamond pseudovertical Schottky diode with a field plate as a termination (Fig. 1) . This structure consisted of two diamond layers, the first is a 7 μm p + heavily doped with a doping concentration of 3×10 20 cm −3 and the other is a 7 μm p-layer with a doping concentration of 8 · 10 15 cm −3 . To study the breakdown voltage of this structure and to optimize the values of different technological parameters, Sentaurus technology computer-aided design (TCAD) simulation tool has been used. The used physical model to calculate the breakdown voltage is the default Van Overstraeten's model [16] - [18] . The used diamond parameter values are given in [19] . The carrier mobility, the maximum electric field, and the other parameters are detailed in [20] .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. First of all, an ideal Schottky diode was simulated, this means a 1-D simulation without boundary conditions. Fig. 2 shows the simulated breakdown voltage of a 1-D diamond Schottky diode versus the doping concentration and the thickness of the p − layer at 700 K. In the case of 8 · 10 15 cm −3 as a doping concentration of p − and a thickness of 7 μm in the p − region, a breakdown voltage of 2288 is obtained.
A field plate termination was used for this structure in order to obtain a maximum breakdown voltage. The optimized field plate length and thickness are 10 and 0.7 μm, respectively. The used dielectric in this optimization is the silicon oxide SiO 2 [20] . With these parameters, a breakdown voltage equals 1638 V was obtained. However, the maximum electric field located at the end of field plate is 19.5 MV/cm at 700 K.
All results shown in this paper were extracted at 700 K due to convergence problems at lower temperatures. Other simulations have been performed to evaluate the variation of the electric field peak with temperature. The results show a negligible difference.
III. NEW FIELD PLATE ARCHITECTURE
A new idea was proposed in order to increase the breakdown voltage. It is to keep the whole electrode flat, with no corners, and replace the diamond below the field plate region with an optimized thickness of a dielectric material (Fig. 3) . Indeed, the presence of corners in the path of the potential strengthens the electric field. In the first architecture, the dielectric is located on the diamond surface, creating a corner in the electrode. At this corner, the electric field is stronger in the diamond and then, for the same external voltage, the impact ionization of the first structure is greater than the second one. Consequently, the breakdown voltage of the new structure is higher than the previously proposed one (Fig. 1) .
The chosen position, length for the field plate, and thickness of the dielectric were 51, 10, and 1 μm, respectively. With these parameters, the obtained breakdown voltage was equal to 2141 V.
The new field plate's architecture required a reactive ion etching of diamond with an appropriate thickness, followed by the dielectric deposition (Fig. 4) , aluminum wet etch, and finally, the metal deposition for the Schottky contact. Although the dielectric deposition was mastered, it was possible that the thickness of the dielectric is less [ Fig. 5(a) ] or higher [ Fig. 5(b) ] than the one specified.
Electrical simulations were performed in order to study the variation of the field plate efficiency in terms of possible error of the dielectric thickness. Fig. 6 shows this variation. The efficiency decreases by 4% when the error of the dielectric thickness increases from 0 to 0.2 μm. This decrease can be explained by the strengthening of the field plate peak in the semiconductor. Despite this decrease, the efficiency of this field plate topology remains greater than the efficiency of the conventional structure. (Fig. 5) , positive values correspond to an excess thickness of dielectric and negative values to a withdrawal of the dielectric. Fig. 7 shows the electric field distributions for both architectures. Its variation was plotted along the horizontal axis passing along the surface of the dielectric and another passing through the dielectric-diamond interface. In the graph at the top [old architecture, Fig. 7(a) ], there are two peaks. The first one is located in the diamond at the beginning of the field plate and the second is at its extremity. The electric field focalization in the diamond in the initial architecture increases the impact ionization and as a result, the breakdown voltage decreases. The graph at the bottom [ Fig. 7(b) ] shows one peak of the electric field at the extremity of the field plate.
Using a very refine mesh in the maximum electric filed zone (distance between two points equals 10 nm), an electric field equal to 49 and 48.5 MV/cm was reported for the initial and new architecture, respectively. This electric field peak is situated at the edge of the field plate. Those values are much higher than the maximum electric field stand by high quality of dielectrics, like silicon oxide (10 MV/cm) and silicon nitride (between 5 and 7 MV/cm). In this case, the dielectric breaks for a voltage much lower than the ideal breakdown voltage, and therefore, the field plate does not play its role.
IV. ELECTRIC FIELD OPTIMIZATION
Looking at the experimental results, the average breakdown voltage was 400 V (Fig. 8) [20] . One of the responsible reasons Experimental electrical characteristics for several reverse-biased diamond Schottky diodes [20] .
for this failure may be the break of the dielectric. The material impurity can also be another reason for this small break down voltage. Indeed, the material impurities become traps (charge donor or charge receiver), which change the repartition of the equipotential lines, and therefore, a possible premature breakdown. This paper has focalized for the first reason. To improve the efficiency of the termination, the dielectric can be changed as [8] . Ikeda et al. [8] have used Al 2 O 3 as a dielectric under the field plate, unfortunately, it would not be enough although the high permittivity of the aluminum oxide (ε ≈ 9). Therefore, the goal now is to change the field plate structure in order to minimize the electric field at its edge.
As previously shown in this paper, the maximum electric field is located at the corner. Thus, increasing the number of corners along the potential's lines distribution reduces the electric field value near the edge of the field plate (distribution of peaks). Three architectures may be able to solve this problem.
1) The pillars dielectric form. That means, making the oxide in pillars form until the end of the electrode, which increases the number of corners along the path of the potential, as shown in Fig. 9(a) . 2) The graduated dielectric form [ Fig. 9(b) ].
3) Mixed dielectric form [ Fig. 9(c)] .
A. Pillars Dielectric Form
Using this form, the termination efficiency depends on many parameters: 1) the pillar height; 2) the pillar width; 3) the number of pillars; and 4) the contact length of the last pillar, as shown in Fig. 10 . Using this dielectric form, we kept constant the field plate length. The last oxide pillar attains a contact length of 1 mm (CL) (Fig. 10) . The pillars width and the distance between pillars equal 2 μm. Fig. 11 shows the variation of the maximum electric field as a function of the pillars height using two dielectric materials (silicon oxide and aluminum oxide). Increasing the pillars height from 0 to 1.6 μm slightly decreases the breakdown voltage of 25 V, and also the maximum electric field decreases from 37 MV/cm down to 30 MV/cm at 1700 V and down to 30 MV/cm using aluminum oxide as a dielectric material. The field plate overlap on the last pillar also plays its role. Passing from 1 μm as in the previous case to a value of 0.3 μm, the maximum electric field decreases from 37 down to 27 MV/cm using silicon oxide as a dielectric. This choice remains very difficult due to photolithography precision. Fig. 12 shows at 1700 V, the electric field variation at the oxide-oxide interface (bb axis, Fig. 10 ) and the oxide surface (aa axis, Fig. 10 ) for pillars height equal to 1.6 μm. The electric field peaks are located at the corners as the figure shows.
B. Graduated Dielectric Form
The second proposed field plate structure is the graduated form, where the equipotential lines met three corners before exiting from the device (Fig. 13) . Three geometrical parameters play a role in optimizing the architecture: 1) the step oxide height; 2) the number of steps; and 3) the field plate overlap Electric field values at the oxide-oxide interface and the oxide surface for pillars height equal to 1.6 μm at 1700 V and using silicon oxide as a dielectric. on the last step. Only three steps were assumed for the sake of technology process. This oxide form has been previously used by [13] to increase the breakdown voltage and not to minimize the electric field peak in the dielectric. Another work was patented in [21] use this form in order to reduce curvature of electric field within the body of the semiconductor device underlying the electrode. Fig. 14(a) shows the electric field distribution in the structure at the protection oxide zone (field plate). Fig. 13(b) shows a cross-sectional view of the electric field for each graduation and at the oxide surface. The electric field peaks at each corner can be seen in this figure. The observed values are larger than those obtained for termination structure with pillars form. Fig. 15 shows the maximum electric field as a function of the step height using two dielectric materials (silicon oxide and aluminum oxide). The decrease of the breakdown voltage was greater than that of the first architecture (pillars oxide form) since the total thickness of the oxide was greater. The breakdown voltage, therefore, decreased from 2141 down to 2080 V (60 V of decreases). At 1700 V, the maximum electric field decreased from 53 to 33 MV/cm using silicon oxide and from 45 to 27 MV/cm using aluminum oxide as a dielectric material. Even though this decrease is important, the electric field does not achieve the required value lower than 10 MV/cm for silicon oxide and 8 MV/cm for aluminum oxide.
C. Mixed Dielectric Form
The third idea was to combine the two previously proposed solutions. This new idea was the so-called mixed dielectric form, as shown in Fig. 16 . The aim of this form was to maximize the corners number in the path of the equipotential lines without increasing the number of technological steps.
Simulation shows that the maximum electric field at 1700 V equal to 29 MV/cm using the silicon oxide as a dielectric material and 22.7 MV/cm using the aluminum oxide. Fig. 16(a) shows the electric field distribution at 1700 V where the electric field peak appear in each corner, that means as soon as there was a tightening of electrostatic potential lines. Using this form the breakdown voltage retains its initial value 2141 V. Fig. 17 shows a cross-sectional view along the horizontal axis through each graduation of the field plate and the surface of the dielectric. This figure shows that, for each curve there are several electric field peaks, which correspond to the number of corners on the electrostatic potential path.
V. CONCLUSION
New field plate shapes for diamond Schottky diode were proposed. The breakdown voltage was improved from 1632 to 2141 V using the same technological parameters.
The maximum electric field in the field plate induces a new problem, since it is larger than the critical field of the used dielectric. To solve this problem, three solutions were proposed. The first one is to define the field plate in a pillars form, the second is to change the field plate to graduated form, and the last is a mixed oxide form to increase the corners numbers. Using the final solution and changing the dielectric material (from silicon oxide to aluminum oxide), a maximum electric field equal to 22.7 MV/cm was obtained. Despite the achieved decrease of the electric field peak, this lower value is, however, higher than that of the dielectric critical field of the used dielectrics; however, more work is underway in order to more optimize the termination structure.
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